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I. SUMMARY

- Heat transfer to superciitical oxygen was experimentally measured

in electrically heated tubes. Experimental data was obtained for pressures
ranging from 17 to 34.5 MPa (2460 to 5000 psia), and heat fluxes from 2 x
106 to 90 x 106 W/m2 (1.2 to 55 Btu/in.2-sec). Bulk temperatures ranged
from 96 to 217 K (173 to 391 R). Experimental data obtained by other
investigators were added to this to increase the range of pressure down to

2 MPa (290 psia) and increase the range of bulk temperature up to 566 K
(1019 R). From this compilation of experimental data the following corre-
lation was developed:

1/2
-1/2 / k == \2/3 -1/5
Nu. = Nu b / b Cp_ / /ji__ / 1+ 2
b ref P kw Cpb \\Pcr 2/d

in which:
Nuref = ,0025 Reb Prb'4
Cp = constant pressure specific heat
Cp = integrated average specific heat from Ty to Ty
d = inside tube diameter
k = thermal conductivity
£ = length from start of heated tube to temperature
measurement station
Nu = Nusselt Number
P = Tlocal static pressure
Pr = Prandtl Number
Re = Reynolds Number
p = density
- Subscripts:
b = evaluated at bulk temperature
cr = critical property
' w = evaluated at wall temperature
° Over 95% of the heat transfer measurements used to develop the

correlation are predicted within + 302 by the above equation.
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II. INTRODUCTION

Recent propnsals for a single-stage-to-orbit vehicle as a second
generation space shuttle have created an interest in high pressure oxygen
as a coolant for regenerative thrust chambers. This is because versions
of the single-stage-to-nrbit concept utilize engines burning two fuels
(dense hydrocarbons, and hydrogen) fired sequentially in a single thrust
chamber with oxygen as a common oxidizer (Ref. 1). In addition, recent
studies have shown that cooling high pressure LOx/Hydrocarbon engines with
hydrocarbon fuels is impractical because of the high velocities necessary to
prevent coking (Ref. 2). Using oxygen as the coolant avoids this problem
and also results in a simpler system. The feasibility of such a concept
depends on the capability of oxygen to provide sufficient cooling.

Until recently, 1ittie information has been available on the heat
transfer characteristics of high pressure oxygen. Powell obtained data
at 7 MPa (1000 psia) which is far below the proposed engine operating
pressures of 20 to 50 MPa (3000 to 7000 psia) (Ref. 3).

More recently data were obtained in the range of 24 to 35 MPa
(3500 to 5000 psia) in an Aerojet IR&D investigation by Rousar and Miller
(Ref. 4). This investigation is a continuation of the work by Rousar and
Miller. The range of conditions has been increased over the previous
work and the number of heat transfer measurements has been tripled. During
this investigation the heat transfer characteristics of supercritical oxygen
were measured over the following range of conditions:

Pressure 17 to 34.5 MPa (2500 to 5000 psia)
Bulk Temperature 96 to 217 K (173 to 391 R)
Wall Temperature 122 to 952 K (220 to 1714 R)

Heat Flux 2 x 10% to 90 x 10° Watt/m® (1.2 to 55 Btu/
in.2-sec)
5 6

Reynold's Number 1.5 x 10” to 3.2 x 10



ITI.  EXPERIMENTAL APPARATUS

A.  HIGH PRESSURE HEAT TRANSFER LOOP

A1l tests were conducted on Aerojet's 38 MPa (5500 psi) blowdown
heat transfer loop shown schematically in Figure 1. The principal cum-
ponents of the loop were the 70 MPa (10,000 psi) nitrogen pressurization
system, the oxygen feed system, the preheater, the test section apparatus,
and the flow control valve. Electric power for the test section was provided
by a 225 KW, 70 VDC power supply. The preheater was powered by two 50 KW
15 VDC supplies. The power supplies were operated from a 480 volt,
3-phase ac line source.

The feed system consisted of a .2 ms (50 gal), 38 MPa (5500
psi) rated, type 321 stainless steel, jacketed pressure vessel (run tank)
for oxygen storage and pressurization; a 70 MPa (10,000 psi) pressure-
reducing regulator, a tank safety valve, and various other valves for
filling, draining and venting; and an overpressure relief valve used in
conjunction with a burst disc to protect the vessel from excess pressure.
For the low inlet temperature tests the run tank jacket was filled with ;
LN2. For all other tests the jacket was evacuated. R

The preheater and test section apparatus are shown in Figure 2. s
Both were enclosed in 12.7 mm (1/2 in.) thick aluminum boxes. The test ]
section enclosure was covered with an acrylic window and purged with dry

nitrogen to prevent frost buildup. This allowed the test section to be

monitored continuously with a closed circuit televisior during the test.

Electrical taps brazed to the preheater coil provided four parallel )
current paths. Insulation requirements were minimized by maintaining ;
the inlet and outlet at ground potential. The preheater was used only
for the high inlet temperature tests. For all other tests the preheater
was removed and the flowneters installed in its enclosure, as shown in
Figure 3.

The test section was clamped into electrical connections that
were cantilever-mounted in the test section enclosure. The upper connection
was supported with flexures to permit axial movement of the hcated test -
section tube due to thermal expansion. To insure free axial movement a
tension force of 150 N (35 1bf) was applied to the outlet end of the test ;
section. The inlet of the test section was maintained at ground polarity 7
and the outlet mixer incorporated electrical insulation which isolated
the test section from downstream plumbing.

Flow control was accomplished using a 12.7 mm (1/2 in.) valve,
operated by an electric motor actuator. After flowing through the flow
control valve the oxygen was vented to atmosphere.

ORIGINAL PAGE IS
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Figure 2,

Test

Setup With Preheater
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111, Experimental Apparatus (cont.)

B.  TEST SECTIONS

Test sections were fabricated from Monel K-500 and Inconel 625
tubing with 3.18 and 4.76 mm (1/8 and 3/16 in.) 0D and .38 mm (.015 in.)
wall thickness. The dimensions and material of each test section are
listed in Table I.

The heated lengths of the test sections were formed by silver
brazing two pre-drilled cylindrical copper electrodes onto the tubing.
These copper cylinders were fitted into the copper bus-bar clamps mounted
in the test section enclosure. Figure 4 shows an installed test section.
Pre.sure taps, located upstream and downstream of the test section elec-
trodes, were fabricated by positioning a modified Swagelok union with
Teflon ferrules over a .79 mm (.031 in.) diameter drilled hole. Before
installation the union was drilled through at a wrenching flat and a
3.18 mm (1/8 in.) OD stainless steel tube was welded over the hole.

C.  INTRUMENTATION

Each test section tube was instrumented with from eight to
ten chromel alumel thermocouples for measuring outer wall temperature, and
two voltage taps. The thermocouples were fabricated from 40 cauge (.08 mm
dia) premium grade ch-omel and alumel wire and were installed in pairs
(180° apart) at even increments of ¢/d along the tube axis. The thermo-
couples were installed as shown in Figure 5. The junctions were formed by
welding the two thermocouple wires together in a loop around the test
section. The junction was then pulled up against the tube with u leaf
spring. To prevent voltage from the tube interfering with the thermo-
couple readings, the thermocouples were electrically insulated from the
tube with a thin strip of mica.

Because the thermocoup’es were not directly attached to the
heated tube the measur d temperature was somewhat lower than thz actual
wall temperature. To determine the magnitude of this difference a thermo-
couple calibracion test was cenducted. For this calibration a special
test section was fabricated with both 3.18 and 4.76 mm (1/8 and 3/16 in.,
diameter tubes as shown in Figure 6. Installed on each diameter were six
electrically insulated thermocouples and two reference thermocouples which
were welded directly to tne tube wall. Three of the insulated thermocouples
were covered with a ceramic coating to minimize cenvective heat loss.

The special test section was installed in the test section box
as if it were an actual heat transfer test. The section was then heated
with alternating electric current in 110 K (<Ou R) steps and data were
sampled with the laboratory analog to digital converter. The data were
samplea over a ten second period Lo average nut any effects of the alter-
nating current on the welded-on thermocouples.

7
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TABLE I
TEST SECTION DIMENSIONS

/‘ Voltage Tap

uL
r 5 1/¢ L / fpr— 56
l
‘l . ]
[ ]
[ l \
Tk V
Pressure Tap ‘J \ Pressure Tap
‘b"B \
booengt——
0 ——d . Thermocouple
— Locations
— E A through E
e | .-.**
Test NO. Tube 0D Wall Mat'l uL L A B £ D
-102 3.18 0.38 Monel K-500 100.1 150.9 24.4 72.7 96.5 120.5
-103 4.76 0.38 Monel K-500 143.4 76.7 20.1 39.8 50.1 60.1
-105 4.76 0.38 Monel K-500 142.3 76.8 19.3 39.9 49.6 59.6
-106 4.76 0.38 Monel K-500 142.1 76.4 19.9 40.1 49.9 59.9
-107 & -108 3.18 0.38 Monel K-500 101.6 76.6 23.9 36.4 47.9 60.5
-109 3.18 0.38 Monel K-500 77.3 51.6 11.9 24.0 35.9 47.4
-110 3.18 0.38 Inconel 625 78.1 50.9 11.5 24.1 35.9 48.9
-1 3.18 0.38 Inconel 625 78.2 51.0 12.0 24.7 36.4 49.5
-112 & -113 3.18 0.38 Inconel 625 78.0 152.3 48.5 72.7 96.6 120.8
-114 4.76 0.38 Monel K-500 113.1 51.9 10.0 20.3 30.3 40.4
-115 4.76 (.38 Monel K-500 112.2 77.3 20.0 39.9 50.1 60.0
-116 4.76 0.38 Monel K-500 112.1 102.4 20.0 40.3 60.1 80.3
-117 4.76 0.38 Monel K-500 142.2 89.3 13.9 39.6 58.8 69.0
-118 4,76 0.38 Monel K-500 142.2 254.0 81.5 119.5 160.8 201.5
A1l Dimensions in mm
8
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To Pressure
Transducer

1
- ;1 1.0 mm Dia Hole Thru
3.2 mm Dia S.S. et Tube Wall
T.S. Pressure '; :
Top Tube o _
_——Copper Buss Bar Connections
f////’ Silver Soldered in Place
Stainless Steel
Flat Spring
Thermocouple
Junction
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2 ea. Per Location
180° Apart
ica Insulation
(Electircal)
Voltage Tap Wire -//
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Wall 0.13 mm Dia S.S.
Pressure Tap
Hole _~\\\\
» 8
Figure 5. Heat Transfer Test Section
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NOTES:

> B

Spring loaded, electriczlly
insulated thermocouple.

Spring loaded, electrically
insulated thermocouple, with
ceramic insulation ove-
Jjunction.

Thermocouple welded to tube.

>
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280

b

- 4.76 mm OD TUBE

12.7 mm I~ !
25.4 mm
114.3 mm
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Figure 6,

Test Section for Thermocouple Calibration
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III, C, Instrumentation (cont.)

The results did not indicate any significant difference varia-
tions from side to side, top to bottom or for coated or uncoated thermo-
couples. There was an indication that th2 ceramic coating caused some
data scatter, therefore the ceramic coating was not used for the heat
transfer tests. A significant difference between 3.18 mm (1/8 in.)
tubes and 4.76 mm (3/16 in.) tubes was indicated. Temperature correc-
tion equations were developed from the test results for both 3.18 and
4,76 ma (1/8 and 3/16 in.) dia tubes using the data For uncoated thermo-
couples and a lTeast squares curve fit routine. The test data and the
calculated correction equation are shown in Figures 7 and 8.

Additional instrumentation included current shunts for the
test section and preheater power supplies, voltage taps on the test
section positive and negative busses and at the center of test section,
strain gauge pressure transducers connected to the test section inlet and
outlet pressure taps and to each mixing section.

Propellant mixing sections were positioned upstream and down-
stream of the test section, and upstream of the flowmeters. One platinum
resistance temperature transducer (RTT), and two immersion-type 1.6 mm
(1716 in.) OD copper constantan thermocouples were installed in each mixer.
The test section :nlet and outlet mixers also contained high frequency
piezoelectric pressure transducers.

The instrumentation system used for this investigation is
calibrated traceable to the national Bureau of Standards. The expected
measurement accuracy is as follows:

Strain Gauge Pressure Transducer + .06 MPa (10 psi)
Piezoelectric Pressure Transducer + .34 MPa (50 psi)
Flowmeter + .005 Kg/sec (.01 1bm/sec)
Current + 10 A

Voltage +.2V

Resistance Temperature Transducer + .28 K (.5R)
Copper-Constantan Thermocouple +1.1K (2R)

(Bulk Temp.)

Chromel-Alumel Thermocouple + 2.8 (5R)

(Wall Temp.)

12 ORIGINAL PAGE IS
‘ OF POOR QUALITY
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Figure 7. Wall Temperature Calibration for
3.18 mm (1/8 in.) OD Tubes
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Iv. TEST PROCEDURE

The following basic test procedure was used to conduct the heat
transter tests:

a. Final instrumentation calibrations were obtained.
b. The jacketed run tank was filled with liquid oxygen.

c. The flow of liquid nitrogen through the cooling jacket of
the LO> run line was initiated and left on throughout the test.

d. The flow control valve was closed and the run valve and
tank safety valve opened.

e. The entire system was then pressurized to the desired pressure
and data recorded on magnetic tape.

f. The flow control valve position was adjusted until the desired

inlet pressure and flow rate were obtained, and a second data point
recorded.

g. For the high inlet temperature te~ts the preheater was adjustad
to provide the desired inlet temperature and data were recorded.

h. The initial test heat flux level was achieved by applying a
predetermined DC voltage across the test section tube.

i. When the test section had achieved thermal steady state, all
pertinent data were recorded on magnetic tape. Test section wall tempera-
tures were viewed on visual gauges to insure thermally steady conditions.

j. The next predetermined voltage was then applied to the test
section and steady state data were again recorded. Tank pressure and

the flow control valve were adjusted prior to each data point to maintain
desired inlet pressure and flow rate.

k. Step j was repeated until the oxygen supply was depleted or
until test section failure occurred.

15
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V. DATA REDUCTION AND ANALYSIS

A1l data were recorded on magretic tape and processed after com-
pletion of each test run. The data processing was done in several steps.
The first step was to adjust the measured datz based on calibration infor-
mation. The second step was to calculate the inner wall temperature using
a SINDA heat transfer program (Ref. 5}, and to calculate fluid propecty
parameters. The final step was to generate a heat transfer correlation
using a multiple regression technique.

In the first step the true wall temperatures were calculated using
the equations described in Section III.C. of this report; the mass flow
measurements were corrected for changes in fluid deasity based on
measured temperature and pressure at the inlet to the flowmeters, and
the pressures were corrected for inlet and outlet length. As shown in
Table I the inlet and outlet pressure taps are located some distance
from the actual heated portion of the tube. To account for this and also
any differences in the inlet and outlet pressure transducers the pressure
readings were adjusted as follows: as described in Section IV data were
recorded with full pressure on the test section and no flow (nf). These
datawere used to adjust the outlet pressure reading equal to the inlet

pressure reading. Data were also recorded with fuli flow and no heat (nh).

These datawere used to determine the pressure drop in the tube. The true
inlet and outlet pressure are then calculated as follows:

P.
f 56 mm
ap =P ) -(p ) O (1)
nh ( in’ o out nh Pout nf L+ 112 mm
. 2
m/p.
- (2)

nh'?in nh

ﬁz/o

P, :
outl T)lﬂ..._n.f... + AP _....__.9.5‘.;_..\ (3)

True P = P
out . thl.2
out nf /P in nh/

The second step in data reduction is to calculate the inner wall
temperature and fiuid properties. The inner wall temperatures were cal-
culated using the SINDA computer program. This computer program assumed
the tube wall was divided into ten radial nodes. Using an iterative
technique the inside wall temperature was determined from the electrical

heat input, outside wall temperature, and the thermal conductivity of the
tube wall as a function of temperature.

After the inner wall temperatures were determined, the fluid property
ratios and dimensionless parameters used in data correlation were calculated
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V, Data Reduction and Analysis (cont.)

and punched on computer cards. A sample printout is shown in Table II.
Oxygen properties used came from NBS subroutines for temperatures up to
333 K (600 R). Above 333 K density and specific heat were obtained from
Russian Data (Ref. 6). and conductivity and viscosity were interpolated
from an Aerojet Publication on Cryogenic Properties by P. J. Petrozzi and
P. H. Davidson. A tabulation of these properties is given in Appendix A.

The final step in data analysis was the actual d..a correlation.
This was accomplished with a multiple linear regression computer program
which, using the method of least squares, calculated the coefficients to
an equatior of the following form:

InY = InA+B1n Xy # Cin X2 + D 1In X3 + ... (4)

Where Y is the dependent variable and X1, X2, X3, etc. are the
independent variables. A, B, C, D, etc. are ca]cu%ated by the regression
program.
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TABLE I1
SINDA OUTPUT

DATA REDUCTIUN COMPUTER PRUGRAM

FUR

ELECTRICALLY HEATED TUBF TEST OATA

UVERALL PARAMETERS
RRAR AR AR R AR R R R AR AN A A AN KR A AR R AR R AN AN SRR AR AR AR N A AR AR AR AR SRR AR R R R R R
TUBE MATER]IAL 1S KS00 MUNEL
TUBE INSIDE DIAMETERS=
TURE OUTSIDE DIAMETER=
NUMBER OF TeST SECTIONS=
NUMBER OF DATa POINTSE

15750
,18750
5
2

INCHES 24000502 METERS
INCHFES 47625« 02 METERS
S
2

10f 3 °

R S

BRARARARANRARARERRAR AR R AR ANANANRE R R AN R ARNRNAARARRRERARARIACANRANAR AR RAR AR

DAYA POINT

COOLANT FLOW RATE=
CUOLANT MASS FLUXS

1

INLET MIXER PRESSUREs

INLET PRESSURE=
OUTLET PRESSURE=

OUTLET MIXER PRESSURE=

INLET TEMPERATURE=
OUTLET TEMPERATURES
INLET VELOC]ITYSE
UUTLET VELUCITY=

CURRENTa

VOL TAGE DROP=
HEATED LENGTH=

ENERGY BALANCES

ARRAAARRARNARAR AR AR R R A AR AN AR NN ARARA AR AR AR AN AARARCRRARAAAN AN AANRRARAROAR AR

OATA POJINT

RARRARRRANARRRRANARRARRAAARRAAR P RANAANARARPIARRARARRARR R R AN ANR RN AR R RARNRAN H

CUDLANT FL{IW RATE=
CUOLANT MASS FLUXE

/8 -

RAARAAARAAR A AN AR AR AN AR R AR A RN A AR RAAAN RN A AR R AARARRAAARRNAANR AR A RAE ARG RS

.07700
34.75

3353,0
3078,0
3023,0
3008,0

186,90
102,20

e

INLET MIXER PRESSUREsS

INLET PRESSURE=
OUTLET PRESSURE=

CUTLEY MIXER PRESSURE=

INLEY TEMPERATURES
OUTLET TEMPERATURES
INLET VELOCITYe
OUTLET VELOCITYa

CURRENT®
VOLTAGE DRQP®
HEATYED LENGThs
ENERGY BALANCES=
18

89,597
133,21

986400
28,930
10,000

01953801

o004

LB/SEC e 30708 KG/SEC
LB/SQ IN=SEC 24431 KG/7SQ M
PS14A «23118¢408 PASCALS
PSIA e21222408 PASCALS
PSTA «20843¢08 PASCALS
PSIA 020739408 PASCALS
f =j21,61 c
$ 74,556 c
FT/SEC 27,309 Ms/SEC
FY/SEC 40,603 M/SEC
AMPS 986,00 AMPS
YOLTS 28,930 VULTS
INCHES «25400 METERS
01953801

]/ 8 -008

KG/SQ MwSEC

,63500 LY/SEC «28803 KG/SEC
32.59 LB/SO TNeSEC 22915
3386,0 PSIA 023346008 PASCALS
3131,0 PSIA «21587+908 PASCALS
3085,0 PSTA «21270¢08 PASCALS
1092,0 PSIA 021043408 PASCALS

169,10 F 111,72 C

«63,500 F »9%3,0508 o
89,339 FT/5tC 27,231 M/SEC
152,061 FT/S¢eC 4o,.510 M/3EC
1050,0 AMPS 106p,0 AMPS
31,950 voi 1s 31,950 VULTS
10,000 INCHES e @9400 METERS
1241800} e €4380mnY
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AXIAL POS
( INCHES)
o 321401
LU70+01
«633401
L 794+01
L9U6+01

AXIAL PUS
(METERS)
.815-01
0119400
e161+00
0202400
«2U0+00

VELOCITY
(FPS)
e 993402
2105403
0112403
.121¢03
«130+03

VELOCITY
(M/8)

» 303402

« 320402

s 342¢02

. 308402

¢ 395402

NUSSELT

(RULK)
«251¢04
2U6+04
236404
. 253+04
271404

NUSSELT

(FILM)
JUu6e0u
$020404
.384e04
. 386404
.392+04

TABLE II

(cont.)

TEST SECTIUN = LUCAL TFST PARAMETERS

TWOCTEST)
(F)

» 302403

341403

0392403

404403

412403

TROCTEST)
(C)
e150¢03
e172¢03
Q20°003
0207003
211403

PRESSURE
(PSIA)
e306+04
« 305404
« 304404
«303+06
« 303404

PRESSUIKE
(PASCAL)
e211408
02‘0‘08
210408
0209408
«209408

PRALDTL

(RULK)
162401
o 160¢01
168401
91°7§0‘
1614401

PRANDTL

(FILM)
ollbﬁot
108401
«199+00
0972400
«FU9+00

DA

TA POINY

1 //8- ooYg

INNER TMP Q/A(TEST) W/A(CALC) HY COEFF
(B/51=SEC) (8/5]=SEC) (B/81=SEC~F)

«54T¢01
«547+01
0547401
94T +01
<54T+01

017601
e100=0}
014201
e142=01
.1““-01

INNER TMP O/A(TEST) W/A(CALC) HY COEFF
(W/SQ M) (W/SQ MeC)

(F)
«152+03 oDUTe01
«1906403 JSUTe01
«252¢403 9474014
«265403 54701
s2744+03 29UT+01
(C) (W/50 M)
667402 894407
e 909¢02 «894e¢07
«122403 :694+07
«129403 3944007
«134403 B894e07
BULK TMP L/10
(F)
-, 160403 .251402
e, 147403 «350¢02
v, 133403 453402
«,120403 952¢02
e, 107403 «035+02
BULK TMpP L/10
()
=,107+03 251¢02
-,9954+402 350402
-'918002 ,a53002
=,842+02 D52¢02
=, 771+02 «06354+02
NU/PRaxa 4 REYNULDS
(RULK) (BuLx)
«208¢04 138407
«201¢04 J149¢07
«192+04 162407
« 200404 o 17707
223404 «191¢07
NU/PRaa 4  REYNULDS
(FILM) (FILM)
421404 d24e07
L408404 122407
« 384404 120407
e 391004 cleuetyd
2400004 130007

ORIGINAIL, PAGE IS
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,B894e07
289407
894407
894407
8908407

VOLT DROP
(VoL TS)
J114002
W451+01
s469+01
J453401
2376401}

VULT DROP

(VOLTS)
Ji1de02
451401
L469401
2453001
376401

T1/18

204e0}
0210401
.218¢01
013401
,208+01

RE(G)

269407
278407
285407
287407
2RBe0O7

¢916405
+470405
s 418405
«418405
2423405

LENGTH OF
(INCHES)
¢ 395401
156401
0162401
«157401
0130401

LENGTH OF
(METERS)
«100400
e396e01
411e01
.398-01
«330=01

SECT

SeCt
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708
706
707
708
709
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ST RHOB/RHO]
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1
2
3
4
)
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NUSSELT

(WALL)
479404
SJUU2404
« 387404
«3806¢04
« 389404

NUSSELY
(AVG)
1401404
«3R1¢04
0352004
0360404
«370¢04

+337¢01
«345+01
« 360401
«3Ud+0t
032540}

155401
«151¢01
151401
«149+01
«14T7+01

PRANDTL

(WALL)
«908+00
0915400
«883+00
877400
«875¢400

PRANDTL
(AVG)
123401
«118401
e112401
23109401
+107401

MyuB/mut
«2074018
«189¢01
e1T1¢01
e1S57¢01
« 145401

MUF /MU
+106¢01
0101401
«973400
0965000
« 960400

TABLE II (cont.)

NU/ZPRa# 4

(WALL)
0498404
s 458404
406404
407404
WU11¢04

NU/PRax 4

{AVG)
2369404
+ 357404
« 337404
« 348404
« 360404

REYNGLDS
(waLL)
+851¢006
Bloe06
o 770¢06
1805+06
«851+06

REYNULDS
(AVG)
125407
126407
0126407
0131007
e 137407

CONB/CUN]I CPBAR/CPR

«191401
e179¢018
o 164408
0153001
w1440 01

828400
o 778400
0713400
«089+00
077400

CONF/CUNI CPBAR/CPF

«107¢04
.!0500!
2101401
e 999400
0993400

873000
0393000
0920400
0935400
0951200

RE(G)

«280407
«281¢07
0278407
277407
277407

RE(G)

230407
0248407
0258407
,26U4407
2268407
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VI. RESULTS AND DISCUSSION

A.  TESTING

A total of 16 heat transfer tests were conducted resuiting in
over 450 individual measurements of heat transfer characteristics. A
summary of test conditions is given in Table III.

Because one of the principal goals of this investigation was
to obtain data at high pressures and heat fluxes, several of the test sec-
tions were heated to failure. One typical failure mode started with the
development of a hot spot near the outlet end of the tube. The tube would
yield at this point and the hot spot would migrate upstream and increase
in intensity as the heat flux was increased. The hottest point on the
tube appeared to be between the portion of the tube that had yielded and
the portion that had not (the point where the diameter increased). When
ultimate failure occurred the hot spot would be somewhere near the
center of the test section. Figures 9 .hrough 12 show the condition of
the tubes after completion of the testing.

Wall temperature readings used in data correiation were obtained
only from the portion of the test section that had not yielded. Although
operating above the heat flux where yielding first occurred required
eliminating some of the wall temperature readings, it allowed heat flux
levels to be reached that would have been otherwise unobtainable.

Because the monel tubes yielded at high temperatures, an
alternate materidal, Inconel 625, which retains more of its strength at
elevated temperatures, was substituted on tests -109 through -113. The
Inconel, however, has a lower thermal conductivity than monel and therefore
had a higher outside wall temperature for a given heat flux. The higher
wall temperatures caused the wall thermocouples to fail which prevented
the high strenguh properties of the material from being utilized.

To insure rapid response, the wall tnermocuupies were fabri-
.a.ed from very small diameter wire. This small wir2 was very delicate
and the manner in which the thermocouples were installed (see Figure 5)
put a tensile load on it. The wire was not strong enough to withstand
this load at temperatures above 1000 K {180C R), and one or mure of the
thermocouplies would cominonly fail during a test run. To insure that
only accurate data was used to develop a hesat transfer correlation, the
wall temperature readings w..e continuously recorded on an oscillograr.
After each test run the oscillograph record was examined, and any theirmo-
couple that was not reading properly at any heat rlux level would not be
used in developing a correlation.

In a similar investigation using supercritical hydrugen,
Hendricks observed flow oscillations at certain operating conditions
(see Rer, 7). To detect this phenomenon high frequency pressure trans-
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Figure 9.

Test Section Tubes, Post Test
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VI, A, Testing (cont.)

ducers were installed in the inlet and outlet mixing sections. During this
investigation no oscillations were observed except on the first test attempt
when a fitting with a very small bore was inadvertently installed between
the outlet of the test section and the outlet mixer. This resulted in
choked flow and pressure fluctuations of 3.3 MPa (480 psi) peak to peak

were observed at the outlet rixer. After the fitting was bored out to

match the inside diameter of the heated tube, no flow oscillations were

ever observed in any of the oxygen heat transfer tests.

Figure 13 shows “e rance of pressure and heat flux for this
investigation. Tre maximum pressure was limited to 34.5 MPa (5000 psia)
by facility tankage pressure ratings. The maximum heat flux obtained was
90 x 10-6 w/mé (55 Btu/in.2-sec).

B. DATA CO"RELATION

To develop a heat transfer correlation an equation of the

following form was assumed:
c d e f
Nu W k_ o P (5)

rof = K Reba Prbb , or, = K Refa Prfb (6)

Nu

where:

Nu

' Usiqg the multiple regression computer program cescribed in
Section V, 26 d1fferen§ correlations were developed before reaching the
recommended one. The intermediate correlations are listed in Table IV,

aqd the Togic of moving from one to the next is shown schematically in
Figure 14.

_ Iritially, correlations were generated for both bulk and film
properties and for Reynold's Number exponents of 0.80 and 0.95 (the Prandt}
number exponent was fixed at 0.4 in all cases). Using a Reynold's Number
exponent of .8 results in a heat transfer equation which approaches the
classical Dittus-Boltier correlation as the bulk temperature approaches
the wall temperature. An exponent of .95 will result in an equation which
approaches the correlation developed by Hines (Ref. 8). Of the above corre-
lations the bulk property correlaticn with a Reynold's Number exponent of
.95 best grouped tne data (Case 1). The factors (P/Pcp)9 and (1 + ) were
then added to Equation (5) and the grouping of the dafa was further‘fa improved
(Case 7)% In Case 7, it was discovered that the factors (“b/“w)c and
(fb/Cpb) had weak partial correlation coefficients. These factors were

27

3 - - r—y——m i l . e ———r—y —————— e (
X '



: 5000 !-

4000

¥

~3000 §
(7]
2000 F

1000

PRESSURE, MPa

40
o0 00, 00 o%po o o oo
R o C 0000%
© o 80,
30 0o
o
°. 8 o g ° o
Ccn 0000 o °a "o ©
° ° S °c0 o o © o o ©°
3
20 o 5
o £ o o
o o >
10
0
0 20 40 60 80 100
HEAT FLUX x 1078 w/m?
0 10 20 30 40 50 60

M
HEAT FLUX Btu/(in.%sec)

Figure 13. Range of Pressure and Heat Flux Tested

ORIGINAL PAGE 15
OF POOR QUALITY

v R LT T S

sam s - .



UOLIRI3. 10 PIPUSLIOIDY 96 l s/t- g/ L o 2/t L 5200° Aing Ly
- 1 I jusuodx3
" A3qunN SPOuUAaY UM 22# L'96 80°L 6EL” L L02°- 89" 0£5° 0 gy - b L £920C" ALng Ly
ALug e1eQ S, ||IMOd YLLK b2# S°L6 88" 6Lt EQL - 669" 92 O [S3 2RSS AN 14 £950C 1(ng S.113m04
> furieoy s juauodx3y
4 JaqunN spoukay y3ILM 22# 9°96 2071 8eL” L 802" - £29° 1€5° 0 13RI A €070 €3.00° ALng tiy
1 parowdy 501-
: % $0Ll- SIS3aLl ATHI UILM 02+ 6°€6 18t 89t L 492" - 4] 1£9° 0 Cvg - v 1 CUEJC” 2Lng Ly
— paAowsy SOL-
» g p0Ll- SIS3L QY] UIM El# 8756 tet Stt” L S02°- 299" 625 0 9y’ - v g6” 28%00° 1ing 1334
w ALuQ e3eg 3deAJUOY YILM 02# 5746 6" et L 196°- 0 69" 0 €3 - v EL-n 50600 ¥g 13e43uc)
% swaa] jeAH d14103ds
N g A3LSOISLA INOYILM 6 €26 0871 8L° 1 592" - 0 €{9 ¢ 195 - o 13 8950C" e tiv
. £Lup eeq
' S, L [3M0d YILM LOLIR[3440) L-06 28" sglr 0 016° 125" 9€L°- €027 98S - b GET 2%500° A10g L1 9m0e
- Aiup e1®eQ 3IDOPAIUOY YILM €% S7L6 v6° tet” L AT g2t G99 ¢} s - t L 830G 1ro 30e43uc)
1m AluQ ®IRQ 32843U0) YILM 9L+ S'(6 £€6°0 oL 2457 - 0 1€5°  6SE°L 619~ - S6° 20606 " 1Lng PEL YRR
: waa)
303y 214133dg InOYILM 63 0726 0871 121 { 3327 - 0 659" £G0 199~ o7 §&” 23500 4(ng Liy
Wil p/y INOYILM 64 816 FA %] Q 3EC - 197 0y 8L PAS- R A SE Gs50C” 2rg (884
WI3) 3UNSSIAd INOYILM 6 vle [ X2 8L° L 0 L8° 099" or6 2~ ply - v’ S€” 010G - 1L0g [$%
wad) AILSOISLA INOYILM  6# 0°¢6 [ 9L L 602"~ (197 P G e - v S€° £0600° 1Lng e
$21343doud w| Ly butsn 2« 268 071 pet” 0 0 (B9 0L9°¢ 9PSTL- LOCT- vt U2 c1ecs L 128434CT
531348d04d wil4 Butsn = ¥ 6 00 6£2° 0 0 lel” Qv 2 262 t- EvE- v <6 200" EILF] 30043U0%
eleg {lv YILM 8¢ 2’88 12t 02" L €61°- 9547 O0pO'L 9Sv°- wEv' - pT (E° 26Epe 4Lng Ly
n
% eed LY UItM f# L 2R XY LL e 9L L €02 - 6£9° €c3’ eyl - §le'- I’ S€° S1500° 1{ng Ly
L SWaa)
P/ PUE 2unSS3add YILM Z= S°L6 65 set’ L 00L"- 092" 609"  LOC - 1£c°- ¢ o1 56%60° ALNe 13eJ3UC3
d SwudL
: P/ ' pue A4nSS3add YILM e < L6 96" ocl” t 095°- 6GL- p0S £el ves' - p° S6° S5800° Ang 120 3u0)
1 P3pPPY
‘ WJ3] 34NSS3dd YLK Ze 796 88" 42 ] 22L°- 892°L QL 144 TR e 22980 ALNE LIESLLDY
! pappy
~ W43: 8JNSS3Ud YILM = 836 £8° A g €ES°- weL - 99¢° 98t - ECy - v SE7 76800 e JJRalu03)
POpPPY Ml P/ YILM 25 €16 0L oL L 9 Sig"t $9v° ez - =0 - v o= S£20C° ¥ine LIBATU0T
M p3ppYy Wa3) P/ UILM (& L' v6 66°0 tgtL” { G Pzz U 8ge” 220 - 68 - &7 EL 2yE0C A{ng J2ELLLTC
! u0131®(3440)
433 (909-5N331Q P3LljLpoy v'Cé 90°L 151 ¢ Cee L GOE SvG” gL Ge” 9820G 1LNg .- a7
' UQLIR{IAA0] S3ULY PILYPOK V26 660 9t 0 [ et sver vee 2tE - ¥ SE° 2€€00° 1103 LTRLLAT,
J3[ LW § 4BSnoy T
Aq pado(aAag uot3je[344d) S8 0 090°l- pi&"  GpLT- g9lZTL 883~ ¢t S6 325237 ¥ing + 3.1 %Cg
SIUSWU0) »0€ ¥ ULYILM S3(M7LS8Y “ASGTPIS U b 4 B P E T T $s13aadoig  z%eg eieg

e3eQ jo 3 40 3buey

0N N N\ - -7
P/ 434 mlau " o K s
:AN ! C mA A_Vh/byﬁx vu/ ) vuA T )™

SNOILYT13¥400 ¥34SNvdl LY3H

AL 3718vL

29

oy
[

©1
(¥

) Id

N

GF

w

™Y e

OF ])()()}{ (;{[JJQLIqufff

ORIGINAL PA

[3e]

wr

.t




Dl owi h A . e EE e P [

o1rey %
paan 3,uoQ

013 ey
? ANOYILM
[ 3se)

81 I5V)

56

paprou]
eIRC 3D843U0)
dwd)] y{ng
9 ‘g ase)

3,
. Y Asooy; f

otzey 93 7 oN

51607 JuawdO|dAIG UOLIR|BA40] ¥

——
\\l: o
SNILY0Td “dX3 3 Y\
VIVG S1130d )

g2 I5v)

auanb L4

o€y " ON

eleQ 3004U07 ejeg L1V
334, gy 334, Anq,
i¢ 3I5V0 22 3V

>~

P/% pue 9y
p3RQ 39043U0)
4 NG
8 ¢ 35W

P/¥, «dy o
pleQ 15€43u0)

$34 _ang,

¢ % L3IV

Papnou] v\uu

o13ey "
pasaN 3,u0Q

0 H
dy uaouwwn 43 3noy3im P/
[ 35€) 6 3se) INOYILM 6 350D
1L 3svd 9( 35V SL 1S¥)

P/

ejeQ 10043U0)
iy = Ay

b e uwmwxx\\\

poog SE ION Wils,

P/% pue 94 oy
e3eQ 39041U0)
uouh _ E—_&P

ZL % L3SV

0L ‘6 3SWD

INOYILM 6 3SE)

yl 3SV2

burieo(d

‘dx3 a4
e3eq
vZ 3SYD

LY

ojey °

eyl 6 358D

€1 3SvI

30

|

1w ar e e

v
.

..Tuawm o



VI, B, Data Correlation (cont.)

removed from the equation and the equation shown in Figure 15 was generated
(Case 21). With this equation 97.5% of the data obtained during this investi-
gation fell within + 30% of the prediction. This is considerably better than
the previous correlation which grouped only 85% of the previous data

within this range (Ref. 4). Figure 16 shows the data from this investiga-
tion plotted against the previous correlation.

The data base was then expanded by adding Powell's low pressure
data (Ref. 3) and some of the previnus Aerojet data (Ref. 4). In the previous
Aerojet IR&D investigation, the pressure measurements were not corrected for
inlet and outlet length. This resulted in significant errors on two of the
tests, where the fluid velocity was high. These two tests (HT-14-104 and
HT-14-105) were, therefore, excluded from the data used to develop the heat
transfer correlation. The correlation obtain (Figure 17) grouped over 95% of
the data points within + 30% of the predicted value. It was found that the
(Cp/Cph)f term was statistically significant when the low pressure data were
included, consequently this term was included for correlating the high and low
pressure data together. The (up/uy)C term was again found to have a low corre-
lation coefficient and, as a result, was not included. At this time, the
Reynold's Number exponent was also investigated. Using Powell's data only, the
best fit was obtained with a Reynold's number exporent of 0.93 (Case 25); using
all the data the best fit occurred with a Reynold's number exponent of 1.03
(Case 24). Other investigations with a variety of fluids have indicated that
a Reynold's Number coefficient near unity might provide a more accurate heat
transfer correlation than the value of .8 which is ncrmally used (see Ref. 8
through 10). A Reynold's Number exponent of unity was chosen for the final
correlation because it provided a good fit to the data, and also because it
simplified the correlation equation. The recommended correlation (Case 26
with rounded exponents) is:

ooy V2K V2 U3
. . D P 2

1hg tesl data is plotted against this correlation in Figure 18. Although
this gorre]ation has been simplified by expressing the exponents as simple
fractions, it still predicts over 95% of the test data within + 30%. Table
V lists the 1ange of variables used to develop Fquation 7.

The_heat transfer trends predicted by the recommended correlation

are.shown graphico’ly in Figure 19. As can be seen from this figure, for

a fixed wall temperati:e, near the critical temperature and the critical
prossure the heat transfer coefficient is a local minimum but at hiqher
pressures the coefficient is a local maximum. Powell's data indicates this
gencral trend although there is considerable data scatter near the critical
temperature (Figures 20 and 21). This may indicate that near the critical
point the heat transfer cvefficient is changing rapidly and is difficult

to accurately measure. At higher pressures (Figures 22 through 25) the
data is more tightly grouped.
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TABLE V.
: RANGE OF VARIABLES
|
{ iax. Min. Unit
? p 34.56 (5013) 1.75 (254) MPa (psia)
H
i Tb 566 (1019) 96 (124) Deg K (°R)
? Tw 1000 (1800) 122 (220) Deg K (°R)
| Dia 5.59 (.220) 2.41 (.095) m  (in.)
2/d 204 3.6
‘ Nu 9635 193
Pr 3.35 .75
Re 3.32 x 10° 15 x 10°
Watt/m?
o 90.0 x 10° (55) 3x10°(.2) | (ehate/Beec)
oV 122.8 x 103 (25.2 x 103 2.1 x 10° (430)]  Ko/sec/m?
(1bm/ft2sec)
b
2 24.9 1.1
[¢]
u
;9 5.32 44
kw_
2 4.05 .40
' W
R 'C'
2 1.18 .23
pb
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Figure 22. Trends, P 22.5 MPa (3250 psia), Tw v 300K (540R)
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Figure 24. Trends, P ~ 32.5 MPa (4700 psia), Tw - 300K (540K)
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VI, B, Data Correlation (cont.)

Since test hardware may have been designed using the correlation
racommended in Reference 4, a comparison of the new correlation (Equation 7)
and the old one was made (Figure 26). The two correlations are virtually
the same at 6.9 MPa (1000 psia), but differ at higher pressures. At 20.7
MPa (3000 psia) and a bulk temperature of 200 K {360 R), the new correlation
predicts a heat transfer coefficient 27% lower than the Reference 4 correla-
tion, at 34.5 MPa (5000 psia); Equation (7) predicts a coefficient 17% higher.
This is within the + 30% accuracy estimate for the correlations. The pre-
dicted trends in heat transfer coefficient as bulk temperature is reduced
are different for the two correlations, however. The new correlation pre-
dicts a rapid drop in the heat transfer coefficient below 100 K (180 R),
while the old correlation predicts a rise. Insufficient data is available
in this region to determine the proper trend, and more testing is required.

Figure 27 shows the variation in heat transfer coefficient with
pressure. As the pressure is increased, the heat transfer coefficient
appears to be approaching a constant, for a constant wall temperature, and
bulk temperatures removed from the critical temperature. On this basis,
some extrapolation to higher pressures may be jusitifed.

Recently, heat transfer to nitrogen has been measured by R. C.
Hendricks at NASA's Lewis Research Center (Ref. 11). Henricks suggested
various parameters which might be used to correlate his nitrogen data with
the oxygen data obtained by Powell (Ref. 3), and the Aerojet IR&D data
(Ref. 4). To determine if Equation 7 could be used to predict heat transfer
to nitrogen as well as oxygen, Henrick's nitrogen data were plotted against
the correlation in Figure 28. The nitrogen data fell about 40% lower than
the oxygen data. That is, the actual heat transfer coefficient for nitrogen
is 40% lower than Equation 7 predicts. It may be possible to develop a
generalized heat tiansfer correlation with the methods used to generate
Equation 7. The viscosity term which was not significant when correlating
oxygen data alone may be necessary when correlating data from other fluids.
Other terms such as those suggested by Hendricks may also be required.
Nitrogen data from other sources (Ref. 12 and 13), as well as data for other
fluids, should be examined along with the oxygen data and Hendrick's nitrogen
data, with a gcal of developing a generalized heat transfer correlation.
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VII.  CONCLUSIONS AND RECOMMENDATIONS

Heat transfer to supercritical oxygen was experimentally measured
in electrically heated tubes. The experimental data obtained during this
investigation was combined with data obtained by others and used to
develop a heat trans{er correlation for supercritical pressures, and
temperatures above 100 K (180 R). The results of this investigation

indicate the following:

1.  Supercritical oxygen heat transfer data can be correlated
with an equation of the following form:
ol @k b ¢ d
b b Cp_ p 2
= Nier () (D) (@) ) 1+ 559
b ref P kw Cpb Pcr 0./d
We recommend the following equation
0 -1/2 K 172 2/3 -1/5
b b Cp P 2
Nu Nu ¢ (== =) (7 (0 + —75)
b ref Py K Cpb or ¢/d
in which:
.4
Nuref .0025 RebPrb
Cp constant pressure specific heat
Cp integrated average specific heat from Tw to Tb
d inside tube diameter
k length from start of heated tube to temperature
measurement station
Nu Nusselt Number
P local static pressure
Pr Prandtl Number
Re Reynolds Number
p density
b heat flux
Subscripts:
b evaluated at bulk temperature
cr critical property
W evaluated at wall temperature
43
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VI, Conclusions and Recommendations (cont.)

The recommended correlation applies for the following range of conditions:

Pz 5.04 to 3% MPa (730 to 5000 psia)

Tn = 100 to 500 K (150 to 900 R)

T = 125 to 1000 K (225 to 1800 R)

W 6 6 , 2 .2
b= .3 x 10 to 90 x 107 w/m” (.2 to 55 Btu/in.“-sec)
v/d = 4 to 200

2. Heat transter to supercritical oxygen can be more accurately
predicted with bulk properties than with fiim properties.

3. A Reynold's Number exponent of unity in the above equation
provides a better fit to the experimental data than does an exponent of
.8 which is normally used in correlation equations.

4. More tests at temperatures below 100 K (180 R) are required,
as the recommended correlation predicis a rapid drop in heat transfer
coefficient below 100 K, and there is insufficient data in this range
to substantiate this prediction.

5. Additional tests at pressures above 34.5 MPa (5000 psi) are
necessary to meet the requirements of proposed high pressure rocket
engines (Ref, 2;.

6.  Further investigation of nitrogen data, and data ..r other
supercritical fluids, should pe done with a goal of aeveloping a general-
ized correlation.
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APPENDIX A

PROPERTIES OF OXYGEN
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The properties of oxygen used in data reduction are listed in
Table VI. Below 333 K {600 R) the properties were calculated using NBS
subroutines. Above 333 K (600 R) density, specific heat, and enthalpy
were obtaired from Russian Data (Ref. 6), conductivity and viscosity
were interpolated from an Aerojet publication on cryogenic properties by
P. J. Petrozzi and P. H. Davidson.
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TABLE VI
PROPEKTIES OF OXYGEN
THERMAL
TEMPERATURY PRFSSURE DENSITY FNTHALPY LP CONDUCLTIVITY VISCUSITY
K k "OoPA LR LR L KTU J RTU l_ 4TU w | K KG
SO IN C FT CC 1R kG LE"K KGoK FieR  MvK FTe§ Me§
? Ee} t=3 Eeb E+6 E+o
.
100, 1R0, 6,00 725, KA,R 5 46 49, e116, ,01 1,70 295, 1,84 10R, 180,
120, 2lo, 5,00 725, ho,0 4, R ~RU, ©79,  L45 1,82 239, 1,49 69, 103,
tat, 252, 5,00 725, 52,7 4,10 17, =39, ,55 2,32 179, 1,11 50, 74,
r Leh, 28R, 5,70 7295, 12,9 1,00 M, 88, 13 3,04 09, 43 4, 21,
180, 824, 5,00 725, &,7 bR 85, 127, .36 1,50 55, 34 13, 20,
ent, 360, 5,00 725, 7,4 ,S5 e6, 154, L350 1,04 S4, L34 13, 20,
22h, %96, 5,00 725, 6,1 ,uB 76, 178, ,27 1,13 55, 34 14, 20,
cun, 432, S,00 725, s,4 62 RPe, 200, ,26 1,67 S, L35 14, 2t,
eh0, 4bB, 500 725, 4,9 _3A 95, 221, ,&5 i,n4 5B, ,36 15, °2¢,
chU, S04, 5,00 725, 4,5 L35 104, cuy, 24 1,01 b0, ,36 15, 23,
3n0, 5S40, 5,00 725, 4,1 32 112, 261, L24 1,00 6%, ,39 16, 24,
520, STe, S,00 725, 3,6 ,30 121, 2”1, 24 99 05, .41 17, 25,
340, s12, 5,00 725, 5.6 ,28 128, 298, W24 .99 70, Lu4d4 1B, 2,
3n0, o4R, H.nn T35, 3.4 20 117, 318, ,23 96 13, 4% 14, 27,
SAN, eRd,  S.0n 7N, 3,2 25 105, 338, L3 L9 Th, 47 19, 28,
ano, 720, 5,00 725, 3.0 23 154, 386, ,23 .98 78, ,u9 19, 29,
420, 750, S,0n 725, 2,9 22 1e2, 3re,  ,03  ,9R HO, ,50 20, 30,
440, 792, 5,00 725, 2,7 21 171, 308, 23 98 43, ,% 20, 30,
HhO,  R2K, 5,00 725, 2,6 ,20 179, u4y7, 4,99 Be, 53 2y, 31,
HRD,  ARa, 5,00 725, 2,9 L19 1RR_ 437, 24,99 HA, 5% 21, 32,
SN0, 900, 5,00 725, 2,4 1A 197 457, 24 1,70 91, ,87 22, 33,
526, 93, 5,60 729, 2,3 JAB 205 478, L24 1,00 93, .58 2%, 33,
a0, 972, 5,00 725, 2.2 17 214, uap, W26 1,01 95, .89 B3 34,
] 560, 1008, 5. 00 725 2.1 17 223, 518, 24 1,01 9A. b1 24, 135,
580, 10644, S.00 725, 2,1 16 X, 5319, .24 1,u2 100, ,e2 2u, 36,
hoo, 1080, S,on 735 20 1% 2un, 569, 24 1,02 102, et 25, e,
20, 1116, S,aec 725, 1,9 18 249, SRn, ,24 1,02 105, ,6% eh, 37,
hUn, 1152, 5,00 725, 1,9 14 258, e0n, .25 1,08 107, ,67 2S5, 38,
660, 1183, 5 00 72%, 1,4 )4 267, 621, ,25 1,03 109, L,68 26, 39,
bRu, 1224, S,00 725, 1,7 14 276, ed2, ,25 1,04 911y, ,69 26, 19,
700, 1260, S.f0 725, 4.7 13 2850 663, ,25 1,00 113, W71 27, 4o,
7pn. ')Qh. 5,00 7"5- ’-’ 015 ‘_)Oa. hR4, 025 10“5 1‘50 07P 270 Ul.
Tao, 1332, 5,00 125, 1.6 13 303, 705, ,25 1,05 118, (73 28, ue,
TR0, 136k, 5. 00 125, 1.6 ,1? 312, 726, ,25 t,u6 120, L,715 28, ue,
TRO, 1aba, 5,00 725, 1,8 12 321, 747, ,25 1,06 122, ,76 29, 43,
RO, fa4n, S,00 705, 1,5 12 330, 7es, .25 1,06 125, 78 o, 44,
BP0, 1t47e, 5,00 725, 1,5 1y 39 790, 5 1,07 127, .79 30, 44,
han, 1512, S,a0 7125, t.4 .1 B B11, 26 1,07 129, &Y 30, 45,
RaN, {h4H_ S 00 71029, 1,4 ,11 356, 8338, 26 1,08 132, ,82 31, uo,
' RRO, ASRAL 5,00 TR 1,3 10 367, BE4, .26 1,08 134, .84 31, 47,
00, teln, 5,00 725, 1,85 10 376, 876, 20 1,18 134, L85 32, 47,
2u, 168h, S,60 725, 1,4 10 3R&6  B9B, 26 |,0H 138, .86 32, ub,
- Qun, 1892, K5, 00 12N, 1,3 ,10 305 949q, 26 1,09 161, L8R 33, 49,
TR0 TPR, 5,00 729, 4,2 10 4nd, 94y, ,26 1,00 143, L8933, 49,
RO, 1764, 5,00 725, 1,0 ,09 ard, 963, ,26 1,09 145, 90 3u, s,
1ean, 1R00,  S,00 725, g, 09 4es, Yas, ,26 1,09 147, 92 3%, 51,
PRECEDING PAGE BLANK NOT Fiit. 57
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TABLE VI (cont.)

THERMAL :
TEMPFRATURE PRFSSURE DENSITY FNTHALPY CP CONDUCTIVITY VvISCUSIT
K R M PA LR Lg G RTU J L‘YU J BTU [ R KG
ST INT FT TC "R KG LheK KG*® FYGK Mek FTeg M<5
] el Fe}l k=6 E+6 E9o

{o0, 180, 10,00 1450, 69,6 5,42 4B =112, ,4C 1,07 302, 1,RB 115, 171,
120, 216, 10,00 1450, 63,3 4,93 =13 78, 42 1,74 250, 1,56 74, 111,
1860, 252, 10,00 1d80, 55,6 4,33 1R, =iy, 47 1,97 197, 1,24 55, 81,
160, ¢88, 10,00 14SN, 44,6 3,47 2, 4y .65 2,71 148, ,90 39, 89,
1RO, 324, 10,00 1450, 20,3 2,04 30, 71, 79 3,31 103, A4 23, 35,
eno, 360, 10,00 1450, 17,3 1,34 %2, 120, L4945 1,89 78, 49 19, 28,
220, 390, 10,00 1450, 13,7 1,07 &6, 153, ,35 {,46 T{, L4S5 g8, 26,
240, 432, 10,06 14Sy, 13,6 91 77, 180, ,31 1,28 o9, L,43 17, e,
260, 46K, 195,00 1450, RA, 205, ,28 1,18 09, L43 17, 2o,
2R0, 504, t1n,00 t4ds0, .72 98, 228, ,27 1, T0, L435 18, 2o,
300, 5S40, 10,00 1450, 65 107, 250, L20 1,08 T{, L44 (R, 27,
320, 876, 10,00 1450, W00 f1o, 274, ,25 1,0% 73, 45 18, 2/,
S40, 612, 106,00 14506, W36 126, 293, .25 1,04 Ty, Lub 19, 28,
360, AU8, 10,00 1480, 03 135, 314, ,25 1,5 Te, L47 19, 29,
R0, oRd, 10,00 tusg, W20 104, 334, 24 1,02 TR, L49 o0, 29,
4np, 729, 10,00 1450, JUb 162, 355, 24 3,01 &0, ,%0 20, 10,
42¢, 756, 10,00 1450, JUd 1Y, 375, 24 (1,01 BRI 52 21, 41,
4uo, 79&, 10,00 1450, W42 170, 395, L,24 1,01 b8S, L,93 21, 31,
4s0, #H2b, 10,00 1450, JHO TR ugS, 24 1,01 88, ,5% 22, i¢,
4R0, 864, to, 00 {450, .38 1RT u4le, L24 1,01 90, L% 22, 33,
500, 900, 1n,0n 1450, 36 1096, use, 24 1,02 93, 58 21 34,
520, 9%, 10,00 1450, o35 205, W76, ,24 1,02 95, ,L,59 23, 3,
Suo, 972, 10,00 1450, W34 213, wa7, 24 §,02 97, ,61 24, 35,
560, 1008, 10,00 1450, 33 222, 517, ,25 1,03 99, 62 24, e,
580, 1044, {0, 00 1450, 1 231, 538, ,25 1,03 102, ,03 @25, 37,
600, 10R0, 10,00 1450, oS30 2u0, 588, .25 1,08 104, ,65 25, 3/,
620, t{te, tn, 00 1450, W29 209 579, 25 (1,04 106, ,L,60 26, 38,
i 640, 1152, 19,00 1450, 288, o000, ,25 1,04 (oA, (67 26, 39,
i 660, 118R, 10,00 1450, .28 267, 621, ,25 1,05 110, ,L,69 6, 39,
| 6RO, 1224, 10,00 1450, 27 276, bu2, ,25 1,05 t12, L,70 o7, 4O,
% 700, 1260, 10,00 1459, .26 PR5 b2, ,25% 1,05 114, 71 27, a1,
720, 1296, 10,00 Jub0, .25 294, b6Ru, ,25% 1,96 t1s, 73 2R, 4,

Tap, 1332, 10,00 1450, .25 3a3  To5, ,2% 1,06 119, 74 2R, u4g,
Teo, 1368, 10,00 1450, W24 312, 726, 25 1,00 121, 7% 29, 4s,
TR0, 1404, 10,00 1450, 2% 321, Tu7, 25 {,07 123, 17 29, |44,
Bog, 1440, 10,00 1450, 23 3%, 769, ,26 1,07 125, 7R 30, 44,
i 820, 1478, 10,00 1450, 22 339, 790, ,26 1,07 127, 19 0, A4S,
R4g, 1512, 10,00 1450, 22 3u9,. B12, 20 1,08 130, LRY{ 31, 4e,

! B60, 1548, 10,00 14Sn, L1 3SR 833 26 1,08 132, B2 8y, 47,
‘ ARO, 1584, 10,00 14S0, 21 367, BSS, 26 1,08 134, B4 32, 4?,
! 900, 1620, 10,00 1450, 20 377 877, ,20 1,09 187, ,BS 82, uH,
\ 920, 1656, 10,yn 1450, 20 3R6_ B9B, .26 {,09 139, 87 43, 49,
19 395, G320, ,20 1,79 f4f, B8 3y 50,

19 4nb, 9472, ,06 1,09 143, A9 3u, S0,
19 414, Y4, ,26 ),10 45, ,90 84, Si,
JIR W23 9Ro,  L26 1,10 147, 90 34, S,

-
-
no
o
x
L]

Z 94y, 1692, 10,00 1450,
! 9s0, 1728, 10,00 1450,
i 9RA, 1764, 10,00 1450,
1
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TABLE VI (cont.)

THERMAL :

TEMOFKATUKE PRF SSURF, DENSITY FNTHALPY CP  CUNDUCTIVITY VISCOS
" @ MPA LR L8 6 KTU g ATU J ATU  w LW KG.
STINT FT CC "IB K& LB*R KGeK FTGR MsK FTes MsS .

B3 teld Les F+6 Eeb

1en, (R0, 15,00 2176, 70,3 5,47 »u?,«109, L39 1,6% 309, 1,93 122, 182,:
120, 218, 15,00 2176, 64,4 5,01 33, =76, ,40 1,69 259, 1,02 80, 118,
140, 252, 15,00 2176, 87,7 4,69 =17, =41, ,43 §,82 211, 1,31 58, 87,
1a0, P2RB, 15,00 2170, 49,4 3,85 w1, <2, ,50 2,08 165, 1,03 46, 68,
1RO, 824, 15,00 29176, 34,9 3,03 19, 43, ,58 2,43 130, .81 34, Si,:
200, $b0, 15,00 29476, 28,5 2,22 139, 91, ,53 2,22 105, ,L,6% 26, 38,
220, 396, 15,00 2170, 22,0 1,71 Se, 130, ,42 1,75 90, ,56 22, 33,.
240, 432, 15,00 2176, 18,3 1,42 0, 163, L35 1,47 B4, ,52 21, 31,
260, 4nB, 15,00 2176, 15,8 {,73 #2, 190, 31 1,32 A1, ,50 20, 30,
2RO, 504, 15,00 2176, 14,0 1,09 ©°3, 216, ,29 1,22 79, LS50 20, 30,°
500, 5S40, 15,00 2176, 12,7 99 103 239, .28 1,15 80, ,50 20, 30,
320, 576, 15,00 2176, 11,» ,90 112, 262, ,26 1,11 81, ,50 20, 30,°
340, 612, 15,00 2176, 10,R b4 123, 28RS, .26 1,09 By, 51 21, 3,
360, o4B, 15,00 2970, 10,2 79 132, 307, ,26 1,0M 81, ,50 21, 31,
380, 8R4, 15,00 2170, 74 14y, 328, ,25 1,00 B3, 51 2y, 32,°
dnn, 720, 15,00 2176, 9 180, 349, 25 {,05 B4, ,%3 22, 32,
420, 7%8, 15,00 2176, .06 189, 379, 2% t,u4 Ae, ,54 22, 33, .
4a0, 792, 15,00 217e, 62 168, 3971, 25 1,04 B89, ,55 22, 33,°
4al, APA, 15,00 2178, $29 177, 412, ,25 1,04 91, 57 23, 34,
AN, Ked, 15,00 2170, ¢O7 1R6, W2, ,25 1,04 93, ,58 23, 35,
SNy, 900, 15,00 P17, o4 195, 453, ,25 1,04 Qs, L60 24, 35,
520, 9o, 15,00 2176, gD2 200, 474, .25 1,04 YA, .61 24, 36,
540, 9/2, 15,00 2176, WO0 212, 494, ,25 1,04 100, L,62 25, 37,
560, 1008, 15,00 2170, W49 221, 515, ,25 1,04 102, L,64 25, 137,
YR0, 1044, 15,00 2176, W47 230, 536, ,29% 1,05 104, L,65 28, 38,
600, 10RD, 15,00 29174, 567, 425 1,05 .06, ,66 26, 39,
620, 1116, 15,00 2170, 578, 2% 1,05 10A, ,e7 26, 39,
oun, 1152, 15,00 2170, 599, .25 1,05 110, L09 27, 4O,
060, 11RK, 1§ 00 2170, 020, .25 1,06 t12, ,70 o7, 4%,
6RO, 1224, 15,00 2176, 641, ,2% 1,06 114, 71 2B, 41,
Taon, 1260, 15,00 2176, 662, ,25 1,06 116, ,72 P&, 42,
720, 1296, 15,00 P16, bA4, ,25 1,06 118, 73 29, 43,
Tuad, 1332, 185,00 2176, 705, ,25% 1,07 120, ,75 29, 43,
To0, 130R, iS5 0N 2170, 727, .26 1,07 122, 76 30, 44,
780, 1404, 16,00 2170, 748, ,206 1,07 124, 77 30, 4S5,
Boo, 1440, 15,00 2176, W34 330, 769, ,26 1,08 126, L79 31, 49,
R20, tale, tw,nn 21706, 791, ,e6 1,08 (2R, R0 31, «o,
Buo, 1912, 15,00 2178, 813, ,Q6 1,08 130, .81 32, 47,
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32 349
o 31 488
o 31 368
oS30 377

BrO, 1848 1§ (0 2170 834, ,26 1,09 133, A3 32, 4,
HRO, 15K, 15,00 178 BS6, ,206 1,09 135, 84 3y, 48,
a0, 1620, 15,00 2176, 878, L,20 1,09 137, .85 3%, 49,
920, 1A%, 15,00 2176 .29 387, 800, ,26 1,09 189, 87 33, 8O,
a0, 1692, 15,00 2170 29 306, 922, 20 1,10 14y, b8 34, 51§,
989, 1728, 15,00 2170, €R UNS . 944, 26 1,10 143, B9 34, 51,
O Wy, 1784, 15, 00 2170, B W15, %6, 20 1,10 145, 91 3§, 62,
1ann, 1RO, 18, yn 2176, W7 424, 9RE, 26 1,10 147, ,92 3%, 53,
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TEMPERATURE

K

100,
120,
fao,
160,
189,
200,
220,
aun,
260,
2R0,
300,
320,
3u0,
3n0,
IR0,
400,
420,
4uo,
4e0,
4Ro,
Sno,
520,
549,
S40,
Sao,
600,
620,
bun,
660,
6RO,
700,
7?ﬂ.
Tun,
a0,
TR0,
Boo,
820,
Ado,
Ren,
HARD,
900,
920,
uo,
940,
Qﬁo.
100n,

L0

]

180,
°clo,
252,
288,
324,
360,
330,
432,
4ol8,
504,
s49,
570,
612,
S4R
o84,
120,
756,
792,
828,
AbU,
90qn,
3¢,
972,
1008,
1044,
1080,
1116,
11%2,
1188,
1224,
1260,
1290,
1332,
1308,
1404,
1ado,
1470,
1512,
1548,
1684,
1620,
1656,
1092,
1728,
1764,
1800,

PRESSIRE

M oPa

20,00
20,060
20,00
20,00
20,00
20,00
20,00
20,00
20,00
20,00
20,00
20,00
A0 00
20,00
20,00
2n,o00
20,00
20,00
20,0n
20,00
2n,an
20,00
20,00
20,00
20,00
20,00
20,00
20,00
20,00
an, ng
20,00
20,00
en,oo
20,00
20,00
2n,no
20, nn
20,00
20 nn
en,00
20,n0
20,00
20,00
PO, un
20,00

LR

54 IN

2901,
2901,
2901,
29ny,
2901,
2901,
2909,
2901,
2901,
2901,
2901,
%01,
29ny
2901,
29ny
2901,
2901,
2901,
2901,
2901,
290,
2901,
2901,
2901,
2901,
2901,
2901,
evny,
2901,
?001’
°9a1y,
2901,
2901,
2901,
2901,
2901,
P90t
2901,
2901,
°Yny,
/o0t
29n%,
2901,
2901,
°9ny,
2901,

TABLE VI (cont.) THERMAL

DENSITY FNTRALPY CP CUNDUCTIVITY vISCUSITY
LBt RTU g wTL 0 L S O 1
C FT ) KG LHeW KGeK P ISR Mok FTag My

ted Led Eeo teo Leo

T140 5,52 =0 o106, ,39 t,03 315, 1,97 129, 193,
65,4 5,00 32, e74, 39 1,05 P68, 1,67 85, 126,
59,3 4,01 =17, wud, 41 1,78 222, 1,39 2, 92,
5243 4,07 w2, w4, ,45 1,H7 180, 1,12 S0, 75, .
44,3 3,45 15, 35, 48 2,02 t46, L91 4N, &0, '
36,1 2,81 33, 6, L4868 2,02 123, L7732, WA, :
°9,3 2,28 U9, 114, ,43 1,81 107, 67 21, o,
4,4 1,90 AU, Lk, 38 1,5 98, b1 25, 37,
2141 1,064 77, 178, L34 3,41 Q2. 58 23, 3%,
18,7 1,45 A8, 205, ,31 1,30 89, ,% 2%, 34,
16,9 1,31 0% 230, ,29 1,21 K8, .55 e, 13,
15,4 1,20 109, 254, .27 1,19 BAR, ,% 22, 33,
td,2 1,11 120, 279, ,27 1,14 88, .55 23, 44,
13,3 1,04 130, 302, ,27 1,12 87, ,54 23, 34,
1205 097 119. SP“l oab "lo 8“0 '55 eso 3“!
11,6 90 fub, 345, ,26 1,08 M9, 58 2y, 35,
11,0 ,86 187, 367, ,25 1,07 91, .5 24, 3§,
10.5 tbe 167. 3880 .25 1«”” 93. 058 e“' 3°|
10,0 ,78 176, 409, .25 1,06 9%, ,59 24, 3o,

9,5 74 1RS, 430, L% 1,u5 96, &0 28, 17,

9,1 T 194, 45y, 25 1,0% 98, 61 25, 37,

Rew 08 203, 472, ,25 1,05 100, ,63 %, 38,

8,5 ,b6 212, 493, 25 1,05 102, .64 28, 38,

Ho2 ,04 221, S14, ,25 1,05 104, ,6% 26, 39,

7,9 &1 230, 515, .25 1,06 106, .56 24, 39,

7,5 .59 239 854, ,25 1,08 108, L6067 27, wuo0,

7,3 ,57 euB, 578, 25 1,06 110, ,69 27, 40,

Tal .55 257, 999, .25 1,06 (12, ,70 o8, u4i,

6,9 54 266, 620, .25 1,06 114, ,71 2R, ue,

b7 ,92 275, buy, ,25 1,07 (1S, 72 2k, 42,

6,5 ,50 2R5 6638, ,29 1,07 117, 73 oo, 43,

bo3  ,40 204, 6R4, ,25 1,07 119, T4 29, 44,

b,2 48 303 Tae, ,25 1,07 121, 76 30, 44,

b,0 L,47 312, 727, 25 1,07 188, 77 30, 45,

5,9 Lde 322, Ta9, .25 1,07 125, L78 31, do,

S.7 45 331, 770, ,@5% 1,06 17, ,79 31, 4o,

S.p 43 340, 7o, .25 1,00 129, 60 32, 47,

5,4 ,42 350, Br4e, .25 1,06 138y, .82 32, ub,

5,3 4t 359, M36, .25 1,07 183, L83 3%y, M,

5.2 L40 368, BS7, 26 )1,0H 185, L84 33, 49, :
Se1 39 378, BY9, 206 1,08 (3R, ,HBb6 335, 50, r .
Se0 39 3RT, 9ny, 26 1,09 t4n, 87 34, 50, :
4,9 5B 307 Qp5, . 0on 1,10 (42, .88 u, &%, ‘
4,8 37 une, a5, 26 1,10 144, ,90 35, &2, . 3
4,7 e 416, 9%7, 20 1,11 t4e, L91 35, &2,

40 36 425, 990, ,26 1,11 4R, 92 34, S3,

R s M e e
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TEMPERATURF

K

1no,
120,
tuo,
i50,
1R0,
2no,
220,
240,
ehn,
280,
3nu,
320,
3un,
{60,
$R0,
400,
4za0,
aaq0,
dao,
4RAN
5n0,
520,
540,
5S40,
SA0,
00,
020,
040,
bhO,
6RO,
700,
120,
740,
7h0,
TR0,
0o,
820,
Run.
LYY R
HRO,
900,
930,
9un,
960,
9a0,
tona,

R

10,
1o,
252,
28RN
324,
360,
196,
ase,
Lha,
nhy,
540,
576,
ole2,
LUK,
&ﬂa.
120,
756,
792,
ROH,
khd,
9nn,
930,
972,
LLLY
toud,
16Ry,
1116,
1152,
118R
1224,
1260,
1290,
1332,
1304,
1404,
1440,
1476,
1512,
1548,
15R4,
1620,
1550,
1092,
1728,
t7hu,
1804,

PRESSURE

M P

2%,00
25,00
25,00
25,00
25,00
25,00
5,00
25,00
25,00
25,00
25.00
25,00
25,00
°S,.00
25,00
25,00
25.00
25,00
25,00
25,00
25,600
25,00
25,00
25,00
es,.no
/5,600
25,00
25,00
°5,.,n0
25,00
25,00
25,00
°5,00
25,00
25,00
25,00
°h, 00
25,00
eb,.an
25,00
°5,00
25,00
25,00
25,00
5,00
25,00

PR

LH

S IN

io020,
1020,
In26,
3626,
1620,
$hee,
1620,
te206,
In26,
i62h,
3620,
626,
3670,
3620,
3026,
Y626,
620,
LY-F-1- 3
Inze,
3626,
LY P12
16206,
3626,
Yoot
3626,
foon,
Ibpe,
620,
1626,
3&?0.
1696,
LYY
tars,
3ﬂ)b.
In2e,
LY
LYT-T
3420,
3o26,
126,
3626,
3626,
6760,
ta26,
36206,
Y626,

TABLE ¥1 (cont.)
THERMAL

DENSITY FNTHALFPY CP  CUNDUCTIVITY VISCUSITY
LK L #MTU J BTy J BTU W LR K6
C FT CC ~ 18 KG LR*F KGR FTGR MeK FTe§ M5
fe3 L=} Let Fe¢h Eeb
7146 5,57 »U4 =104, ,39 3,01 321, 2,00 137, 204,
66,8 S,16 el =71, L399 1,92 276, 1,77 90, 134,
60,7 4,72 =15, =38, L40 1,98 232, 1,45 b6, 98,
SQ.U U.EU '2. «d, .Ue lc7b 193. 1.20 5“. 80.
47,7 3,71 14, 32, 44 1,88 160, 1,00 44, 66,
0,9 3,18 29, 69, 44 1,84 137, ,B6 37, 55,
34,6 2,69 45, 105, L42 1,75 121, L,75 32, 47,
29,6 2,31 &9 138, 38 1,60 110, L,68 28, 42,
25,8 2,01 73, 169, L35 1,46 103, ,64 26, 19,
23,0 1,79 RS, 107, 32 1,35 99, ,62 25, 138,
F0.7 1,01 Qo6, 223, ,30 1,26 97, ,e60 25, 37,
19,0 1,48 106, 247, ,28 1,19 96, ,60 24, 36,
17,4 1,36 118, 274, ,28 1,17 9%, ,59 24, 36,
16,4 1,27 127, 297, 27 1,15 94, +58 S, 30,
15,3 1,19 137, 319, ,27 1,12 94, ,59 25, 137,
14,2 1,11 147, 342, L,26 1,10 95, ,59 25, 37,
13,5 1,05 156, 363, ,26 1,09 94, ,60 2%, 37,
12,8 1,00 165, 3RS, ,26 1,08 98, ,61 25, 38,
12,2 ,95 175, «07, ,2e 1,08 99, ,62 26, 38,
11,7 ,91 1R4d, 6428, .26 1,17 101, .63 26, 358,
11,2 87 193, wu9, .25 1,07 102, .64 26, 39,
10,8 84 22 471, ,25 1,07 tou, 65 27, 39,
10,4 ,81 211, 492, .25 1,07 106, ,66 27, 40,
to,0 (7B 221, 513, ,2% 1,07 1u7, ,67 27, 4%,
9,7 75 2%0, 535, ,25 1,07 109, ,68 28, 41,
9,3 72 239, S%6, ,25 1,07 111, ,L,69 28, 4},
9,0 70 248 577, .25 1,07 12, L,70 28, 42,
4,7 ,68 287, 999, 26 1,07 114, 71 29, 43,
H,9 ,66 266, 620, ,206 1,07 116, 72 @9, 43,
b,2 ,64 276, 642, ,26 1,07 (17, 73 29, 44,
8,0 ,62 285, 663, ,26 1,08 919, 74 30, 44,
7.8 ,60 294, 685, 26 1,07 (21, 7% 30, 45,
7.0 ,59 303, Toé, ,26 1,07 123, .76 31, d4e,
T4 o5R 313, 728, .26 1,07 124, 78 31, 46,
7.2 56 322, 750, ,25 1,07 (26, 79 3{, 47,
7.0 ,59 3%, 7vy,  ,25 1,07 128, ,80 32, 47,
6,9 .53 301, 793, ,25 1,06 13n, ,81 82, 48,
0,7 .52 350, Bi5, ,25 1,06 132, ,82 3%, 49,
6,5 45t 360, 837, .25 1,07 134, .4 33, 49,
6,4 50 349 H8%9, 20 1,08 136, .85 33, SO,
6,3 ,49 378, b8y, ,26 1,09 (3R, .86 3¢, SO,
6,1 L48 3IRB 903, 26 1,09 140, ,B7 34, SI,
°00 0“7 397. 9?5. .EU ‘.10 ‘“2. .eq 35. 52.
S.9 ,d6 4n?_ 947, .. . 1,11 144, 90 3%, S2,
508 Oas a1b. 969' ,,,C? 1." luba .qt 35. 53.
Seb  LU4 W26, 991, 20 1,11 146, ,92 36, 53,
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. i

TEMPERATURF

K ]

inn,
120,
fun,
1RO,
2no,
220,
240,
eh0,
280,
300,
320,
3u0,
360,
389,
uno,
420,
a0,
460,
4RO,
500,
520,
540,
560,
S80,
00,
620,
bun,
o460,
6RO,
790,
120,
Tuo,
760,
780,
éno,
2o,
840,
860,
HRO,
00,
920,
40,
k0,
98”0 .
1000,

180,
216,
252,
268,
324,
360,
3%,
ule,
us8,
S04,
sS40,
5%e,
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6hd,
72n,
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192,
LY LI
A6y,
9¢0,
936,
972,
1008,
1044,
1080,
1110,
1152,
1188,
tees,
1260,
1296,
13%2,
1368,
1404,
1440,
1476,
1512,
194R,
LT
1620,
1696,
1092,
1728,
1764,
1800,
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4381,
43%1,
43sg,
u3st,
u3s1,
u3st,
ussl,
u3zsg,
4351,
uisi,
8381,
4351,
u3sy,
ulsi,
usst,
u3sy,
4381,
¢3sy,
43sy,
43Sy,
435y,
u3st,
4351,
4351,
4351,
4351,
43st,
44514,
4351,
4151,
4351,
4351,
43%1,
u3sy,
4351,
4381,
4351,
u3st,
u3zsy,
u3st,
ussy,
43Sy,
w3st,
4351,
4381,

30,00
30,00
30,00
39,00
30,00
30,00
30,00
311,00
30,00
30,00
30,00
30.00
10,00
30,00
30,00
30,00
310,90
30,00
30,00
30,00
10,00
10,00
10,00
30,00
30,00
30,00
30,00
30,00
30,00
30,00
30,00
30,00
30,00
30,00
10,00
30,00
30,00
30,00
30,00
106,00
30,00
0,00
30,00
10,00
$o,00
30,00

TABLE VI (cont.)
THERMAL
DENSITY ENTHALPY CP  CUNDUCTIVITY VISCUSITY
LB - HETU J PR EY J AT w Lk kG
TF7T CL ~18 KG LBEsSK KGeR FRSR Mok FTe§ Me$
L=} E=3 Ewp Ete6 EtO
72.2 S.ba -05.-161. .SB 1|b0 327. 2.0“ ‘“5. Blb.
67,1 9,22 =30, =69, ,38 1,59 283, 1,77 95, Y-
61,8 4,81 «16, «37, 39 1,65 241, 1,51 760, 104,
56,2 4,37 =2, =4, LU0 1,08 204, 1,27 %6, B4,
50,2 3,91 13, 31, L41 1,73 173, 1,08 a8, 71,
4u,2 3,44 28, 5, L41 1,72 149, L93 41, ei,
38,6 3,00 43, 99, ,40 1,06 1352, .82 35, 63,
33,8 2,03 <7, 132, .38 1,59 120, 75 32, at,
29,9 2,33 79, 162, L35 1,40 113, ,70 29, 44,
26,8 2,08 R2, 1391, ,35 1,58 108, ,67 28, 41,
24,3 1,R9 o3, 217, ,31 1,49 105, +65 27, 40,
22,2 1,73 104, 242, ,29 1,22 103, .64 26, 39,
20,5 1,59 116, 269, ,29 1,20 t1G2, .63 26, 139,
19,2 1,90 126, 293, 28 {,17 99, ,62 26, 39,
18,0 1,40 1%, 316, ,e7 1,15 99, ,62 26, 139,
16,7 1,30 tue, 339, ,27 1,12 99, ,02 26, 39,
19,9 1,24 155, 361, 26 1,11 100, o063 26, 39,
15,1 1,18 165, 3R3, ,26 1,10 102, ,63 27, 40,
14,4 1,12 174, 408, ,206 1,09 103, ,e64 27, 40,
13,7 1,07 1R3, 427, ,26 1,09 105, ,65 27, 40,
13,1 1,02 103, 4uB, ,26 1,08 106, ,b66 27, A4,
12,7 .99 202, 470, Léb 1,08 107, ,o7 28, 41,
12,3 .95 211, 491, ,26 1,08 109, ,6H @A, d2,
11,8 .92 220, 513, .26 1,08 110, ,69 28, 4,
11,4 ,89 2%0, 534, ,20 1,08 112, ,70 @29, 43,
11,0 .85 239, 556, ,26 1,08 (13, 71 29, 43,
10,6 L83 208, 577, .26 1,08 115, 72 29, 44,
10,3 ,R0 287, 599, .26 1,08 116, 73 50, A4,
10,0 78 267, 621, ,26 1,08 V1R, 74 30, 4s,
9,7 ,15 276, su2, ,26 1,08 120, W15 30, 45,
9,4 ,73 285, 64, ,26 1,0 12y, ,76 31, 4o,
9,2 ,71 295, bRa, ,26 1,08 123, JJ16 31, 4o,
9,0 10 3u4, To7, 26 1,08 124, 77 31, ar,
R,7 0B 313 729, ,26 1,08 126, J76 32, 47,
8,5 Lb6 323, 751, 26 1,98 127, 79 32, &4,
B,3 ,65 332 773, ,20 1,08 129, 81 32, 4s,
B,1 ,63 3ui, 765, ,26 {,08 131, ,82 33, 49,
7,9 .61 381, 817, .26 1,08 133, A3 s3, 49,
7,7 ,60 560, 839, 26 1,09 135, ,u4 33, 50,
1.6 .59 370, Be1l, ,26 1,09 137, ,Be 34, 5O,
7,4 ,58 379 8a3, ,26 1,10 139, ,87 134, S,
7,2 .56 3R9, 9a5, ,20 1,10 141, B8 35, 51,
7.1 .55 398 937, 26 1,11 143, M9 35, 52,
n,9 ,bu 4nrB, 949, ,27 1,11 145, 90 35, §¢,
6,8 93 W17, 971, ,27 1,11 tUe, 91 36, S$,
6,7 .52 627, 994, ,27 1,12 148, ,92 3, §3,
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1An,
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2720,
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60,
2Ru,
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A0,
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4rn,
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hRO.
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34,47
34,47
u,u7
u 47
Ty,u7
sd4,u7
34,47
$d4,47
34,47
Td, 47
34,47
LY
R4, 47
Ra,u7
Ya, 47
34,47
34,47
34,47
34,47
14,47
tu,47
Yd,47
34,47
3a,47
34,47
84,47
34,47
34,47
4,47
4,47
34,47
Sa,u7
4,47
Td 07
34,47
4,47
34,u7
34,47
Tih,u7
Sd,u47
30,47
Yi,47
LY
34,47
340,47
Li,47
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4999,
4999
uQQQ_
4n99
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4999,
uQQQ;
4999,
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UQQQ.
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4999
4999
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4999
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4999,
4999
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4999
UQQQ.
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4999
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4999
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499y

TABLE VI (cont.)
THERMAL ;
DENSITY FNTHALPY CP CONDUCTIV]TY VISCOSITY

{ A G RTH J uty J ATL W IR KG
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te} b3 Lef Feb Eeb

72,7 5,6h 02, =98, 34 1,59 332, 2,07 18, 226,
0748 5,28 @29, wp7, 38 1,57 289, {,80 ton, 149,
6207 U, AR @15, =35, 39 1,63 249, 1,55 713, 109,
STe5 4,47 o1, &3, 39 le08 213, 1,33 59, a4,
5240 4,05 13, 30, $40 1,09 182, 1,14 51, 78,
16,6 $,62 27, b4, ,39 1,63 198, 4,99 44, oY,
41,4 3,22 a1, aqs, 37 1455 141, 88 18, &7,
36,8 2,87 €5 124, 4o 1,09 130, .81 35, &1,
32,9 2,5 &8, |88, o34 1,45 129, 75 32, 47,
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AT.1 2,11 °2, 293, 31 1,29 112, .70 29, 43,
P49 1,94 103, 230, 29 1,23 109, ,08 2a, 42,
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1H,0 1, un 184, 359, 27 1,13 103, ,65 erR, 42,
17,0 1,33 164, SR1, 27 1,11 108, ,65 R, U2,
'held 1,76 173, 4nu, @6 1,11 106, ,66 2R, 42,
15,5 1,21 1P3 0pe, 26 1,10 107, 67 en, w2,
V4.8 1,15 102, wa7, 26 1,09 199, oA e9, 43,
14,8 1,12 202, 489, 20 1,09 110, .69 29, 43,
13,9 1,0R 211, 491, 20 1,09 11, 469 29, 4§,
13,4 1,04 220, 515, 2o 1,99 113, .70 26, “s,
12,9 1,00 330, 534, W26 1,09 14, 71 29, 44,
17,4 % 239, Sqp, 3¢ 1,08 116, ,72 39, 44,
12,0 94 208, S7A, o206 1,09 417, 73 3n, 45,
11,7 ,91 258 wong, W20 1,09 119, 74 50, 4SS,
1.3 48 247, 621, 26 1,69 20, ,75 30, 4y,
11,0 65 2%, 643, 026 1,09 121, 76 31, 4o,
10,6 b3 286, ©oS, ,06 1,09 123, L7177 31, 4o,
1n,d b8y 204, A7, 26 {,09 1ed, 17 3y, ar,
10,1 ,79 304, 708, €0 1,09 126, 78 32, w41,
9.9 77 314, 730, 26 1,09 127, 719 32, 47,
9.7 75 323, 782, 26 1,09 129, g9 32, 48,
Y4 T8 332 774, 20 1,10 131, 81 3?2, 44,
.2 ,T2 342, 798, 26 1,19 v82, 83 33, 49,
Q0,70 38y m18, 26 1,10 134, L84 33, 4s,
b ,04 361, Rap, 026 1,10 136, L85 34, 59,
Heo 07 370, Bep, e 1,10 134, 86 54, 50,
.4 ,65 380 Bag, 026 1,11 140, 47 54, St,
Med 04 3A9_ 997, 26 §,11 quy, W88 35, 5o
Ko ,0% 309 Q3¢ 27 1ell 143, (RO 15 §p,
7.9 ,61 409, o5y, 27 1,12 148, 90 35, §3,
Tol 60 41K 973, @7 1,12 a1, 91 36, 53,
Teb .59 4pH. 996, 27 4,12 148, ,92 138, 54,
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APPENDIX B

SUPERCRITICAL OXYGEN HEAT
TRANSFER DATA
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The data used in developing a heat transfer correlation are listed
in Table VII. This list includes data obtained from Powel} (Ref. 2), and
the previous Aerojet work by Rousar and Miller (IR&D) as wel] as data
obtained during this investigation. Powell's data are listed first; the
data obtained by Rousar and Miller are listed next, ctarting with Card
No. 82 and continuing through Card No. 2125 and the new data are listed
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APPENDIX C

: SUPERCRITICAL OXYGEN HEAT
¥ TRANSFER CORRELATION
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Table VIII is a listing of the heat transfer parameter:
¢ I
oV 2
I+ 74

Calculated from the recommended correlating equation:

.6 1/2 2/3 -1/5
k o =1/2 &k =
= 005 (D) et () (D @& )
I+ -7q b Pw W cr

For wall temperatures from 100 K to 1000 K (180 R to 1800 R), bulk tempera-
tures from 80 K to 400 K (144 R to 720 R), and pressures from the 5.04 M-
(730 psia) to 34.47 MPa (5000 psia). These tables are intended to aid
rocket engine designers who may not have access to the computer routines
necessary to solve the above equation.
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APPENDIX 0

SYMBOLS
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Nu
P
Pr
Q
Re
uL
v
9]
P
¢

Subscripts:

b
cr
in
nf
nh
out
ref

Constant pressure specific heat, J/(Kg*K)
Integrated average specific heat from Tw to Tb

Inside tube diameter, m
Heat transfer coefficient, w/
Thermal conductivity, w/(m-K)
Heated tube length, in.

(m?-K)

Length from start of heated tube to each temperature me. .ement

station, m

Mass flow rate, Kg/s

Nusselt Number (Nu = hd/K)
Local static pressure, MPa
Prandtl Number (Pr = Cpu/K)
Heat

Reynold's Number (Re = pdV/u)

Length of unheated inlet portion of test section, m

Fluid velocity, m/s

Dynamic viscosity, Kg/(m-s)
Density, Kg/m3

Heat flux, w/m2

Evaluated at bulk temperature
Critical

Inlet

No flow through test section
No heat applied to test secti
Qutlet

Reference

Evaluatcd at wall trmperature

Evaluated at film temperature

on
Qv
N
pACY. Wty
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NOT FILMEL

97




